Solvent bonding represents a joining method for thermoplastic materials that results in high bond strength, with short process times. However, there is a challenge in bonding micro-channeled substrates for microfluidic devices due to excessive channel clogging and distortion. In this work, a simple design method to fuse poly(methyl methacrylate) microfluidic chips with solvents without micro-channel clogging is demonstrated. The joining process is improvised improved by subjecting the chip to a vacuum during the bonding process, whereby the undesired excess solvent between the microfluidic chip and cover can be removed. The microfluidic devices that were bonded using this method exceeded the application requirements, in particular transparency and internal back pressure requirements.
Introduction
Thermoplastics with good clarity and chemical compatibility are highly attractive substrate materials for microfluidic systems as low cost disposable devices for a host of bioanalytical applications, such as scaling out a diazotransfer reaction [1] . While significant research activity has been directed towards the development of microfluidic components in a wide range of thermoplastics [2] , the bonding of these components is often required for the formation of enclosed micro-channels and other microfluidic elements. Thus, the bonding procedure remains a critical step in the thermoplastic microfabrication process. Solvent bonding is a commonly used method for permanently bonding thermoplastic materials. It is an attractive technique because it is able to seal the joint, in addition to bonding, as well as minimizing surface damage, and hence maintaining the aesthetic design. Unlike traditional mechanical fasteners where only a localized area is held in place, solvent bonding forms a joint that is uniform, hence the stress distribution is more homogeneous and evenly distributed. However, solvent entrapment may cause reduce the joint integrity, resulting in stress cracking and crazing. Solvent entrapment also increases the solvent evaporation time, which consequently increases the product final cost. Other processing challenges, such as solvent toxicity, flammability and disposal effects on the environment also need to be considered. Solvent bonding is a relatively simple process and can have high production throughput. The method involves solvating the bonding surface by applying the solvent as a liquid or vapour phase. Solvent causes the polymer chains to become mobile, and thus can readily diffuse between the two substrates, leading to extensive polymer chain entanglement across the interface. However, the mechanical properties of solvent treated thermoplastic could be lower than the virgin thermoplastic, such as solvent treated poly(methyl methacrylate) (PMMA)has tensile and shear strength lower than its virgin PMMA [3] . The difference in solubility parameter value , , is used to control the solvent uptake of the polymer. Generally, solvent uptake should be minimized to reduce channel distortion of the microfluidic device during the bonding process. This is controlled by the solvent exposure time; however it needs to be balanced by the required bonding strength. Some values of solubility parameters for typical thermoplastics and organic solvents are shown in Table 1 . Ogilvie et al. [4] reported a solvent bonding method by vapour exposure on PMMA and (cyclic olefin copolymer) COC substrates, in which they found that surface roughness of the microfluidic channel was also reduced. In their process, the microfluidic chip was first exposed to solvent vapour for 4 minutes, followed by hot pressing at 65 C for 20 minutes and then cooled to room temperature for 10 minutes. However, the bonded chips required further 12 hours of post-conditioning to settle. Shah et al. [5] reported a solvent bonding process whereby acetone was pumped through the micro-channel between two PMMA substrates and the solvent was drawn by the capillary forces into the bonding interface. However, they found that a delay of 2 to 3 seconds could cause significant distortion of the microchannel. Lin et al. [6] reported the use of a low azeotropic solvent bonding approach by blending two organic solvents with a co-boiling point to bond PMMA. However, an additional step of vacuum suction was still required to remove the residual solvent in the micro-channel to prevent excessive channel distortion.
This study presents a simple solvent bonding process that uses a relatively low temperature and vacuum to achieve bonded PMMA microfluidic chips that meets the internal back pressure requirement and low micro-channel distortion. Additionally, no surface treatment on the PMMA substrates, solvent purging or sacrificial layers were required. A high level of light transmissibility of the bonded chips was also observed.
Nomenclature
Solubility parameter IPA Isopropanol PC Polycarbonate PMMA Poly(methyl methacrylate)
Materials and methods

Microfluidic chips
The microfluidic chips were fabricated from poly(methyl methacrylate) (PMMA), `Acrypet VH-001' from Mitsubishi Rayon Co. Ltd., Japan, and polycarbonate (PC), `Panlite L-1225L' from Teijin Polycarbonate Singapore Pte Ltd, Singapore. The thermoplastic substrates were formed by injection moulding into chips of 25 x 75 x 0.8 mm 3 in size. The microfluidic device consists of two separate components, a cover chip and a micro-channel chip, as shown in Fig. 1 . The cover chip has three holes of 1 mm diameter, whereas the micro-channel chip has channels with a cross sectional area of 200 x 200 μm 2 . This chip design is used as a microfluidic reactor for down-sized chemical reactions within the micro-channel. Such microfluidic reactors are typically used for performing aggressive chemical reactions in a safe environment and the high surface area-to-volume ratio within the microchannel allows for rapid heat dissipation during exothermic reactions [1] . a b 
Solvent and bonding procedure
Several organic solvents were used in this study. These were isopropanol (99%, technical grade), denatured ethanol (94 -95%, technical grade) and acetone (99%, technical grade) from Tee Hai Chem Pte Ltd, Singapore.
The as-received PMMA chips were flattened by an annealing process, using the temperature cycle shown in Fig.  2b . The PMMA covers and micro-channel chips were then cleaned using IPA and blow dried with nitrogen gas. The solvent was spread evenly over the PMMA cover chip using a pipette. Then, the cover and micro-channel chips were sandwiched between two stainless steel plates, as shown in Fig. 2a , under an applied pressure of 2.67 bar using a torque wrench (DM2-006CN from eclatorQ, Taiwan). Finally, the jig was placed under vacuum in a vacuum oven (VDL 53 vacuum drying oven from Binder, Germany) for 30 minutes at 80 C, under the cycle shown in Fig. 2c . 
Burst test
The bonding strength was determined by subjecting the microfluidic device to pressure by filling the microchannels with water. The internal back pressure in the micro-channel was monitored until complete failure of the device. A minimum back pressure of 5 bar is required for the device to be used. 
Ultraviolet-visible spectroscopy
Ultraviolet-visible-near-infrared (UV-VIS-NIR) spectra was recorded using a UV-3101PC spectrophotometer (Shimadzu, Japan). The transmission spectra of the plain thermoplastic substrates and solvent bonded microfluidic devices were scanned with air as the background at 25 C. A wavelength range of 220 to 1100 nm was used at intervals of 0.5 nm. The beam was directed at the micro-channels.
Optical microscopy
Samples for optical microscopy were first cut into smaller pieces using a precision diamond wire saw (Well, Switzerland). The samples were subsequently polished (TegroPro-21, Struers, Denmark) using progressively finer grades of emery paper up to 4000 grit. MX51 upright optical microscope and GX51 inverted optical microscope (Olympus, Japan) were used to obtain the images through reflected light microscopy.
Surface profile
The 3D surface metrology was measured using an Contour GT-K 3D (Bruker, USA). A vertical resolution of 0.01 μm and lateral resolution of 0.38 μm was used, with an objective lens of 5x with 0.55 magnification factor.
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Results and discussion
The surface profile of the micro-channel design is shown in Fig. 4a . At low magnifications, it may appear that the chips are relatively flat. However, these microfluidic chips show as-received uneven flatness due to the injection moulding process, as shown in Fig. 4b . This unevenness caused several issues in the bonding process, as discussed below. The flatness of the PMMA substrates were improved by a thermal annealing process, as shown in Fig. 4c . The uneven flatness are caused by undesired shrinkage on the injected part that is influenced by a number of factors. Shrinkage is influenced by melt temperature mould temperature and holding pressure of the polymeric materials. These process conditions induce built-in stresses in the moulded part and cause post-mould shrinkage and warpage [7] . To overcome this uneven flatness issue of the injection moulded parts, thermal annealing process is introduced by heating the polymeric materials to slightly below glass transition temperature (T g ) to reduce the stresses and strains of the thermoplastics. In this work, PMMA chips underwent a thermal annealing cycle process (see Fig. 2b ) that heated the chips to 90ºC with a pressure of 1.33 bar for an hour, followed by cooling process to room temperature within an hour. The flatness of the chip decreased from 17.68 ± 2.10 μm to 10.12 ± 1.99 μm after the annealing process (n = 12). b c Fig. 4 . Surface profile of (a) micro-channel design; (b) micro-channel before annealing; (c) micro-channel after annealing. The weight difference of the PMMA and PC substrates after soaking in different solvents and conditions are shown in Fig. 5 . The PMMA and PC chips were immersed in the solvents at 25 C and 60 C for 30 minutes. At 25 C, it was found that both PMMA and PC were less resistant to acetone, compared to ethanol and IPA, due to the similarities in solubility parameter, . Hence, acetone was deemed to not be suitable for solvent bonding PMMA or PC. Furthermore, PMMA had a higher increase in weight when immersed in hot ethanol than in hot IPA. In contrast, PC has an insignificant weight difference after immersing in hot solvents, hence, IPA and ethanol were unsuitable for solvent bonding on PC materials. PMMA after being soaked in hot IPA had less weight difference than PMMA after being soaked in hot ethanol , therefore, IPA is a better solvent for PMMA. It should be noted that it is difficult to measure the solubility parameters for these polymers as they degrade before reaching their boiling point. Alternatively, Chou et al. [8] reported some indirect methods based on solubility relationship determination, thermodynamic properties and colligative properties were used to calculate the solubility parameters of polymers. Hence there is a significant difference in weight changes for PMMA and PC during hot solvent soaking. Photographs of the solvent bonded microfluidic chips using PMMA substrates that have been annealed and without annealing are shown in Fig. 6 . The issue caused by the poor flatness of the as-received PMMA substrates is evident as significant whitening observed around the micro-channels due to stress build-up at the uneven surface during the flattening and annealing process, as shown in Fig. 6a . Conversely, the PMMA substrates that have been annealled before solvent bonding did not exhibit any obvious visual defects around the micro-channels (see Fig. 6b ). Optical micrographs of the micro-channels at the Y-joint are shown in Fig. 7 . Voids can be observed around the micro-channels, as highlighted in orange in Fig. 7a , corresponding to the stress whitened zones. Furthermore, a much rougher surface due to the undesired solvent retained during bonding process was observed in the micro-channels without the annealing process, as shown in Fig. 7b , compared to the substrates which were annealed, as shown in Fig.  7d . The interface area was also smoother when the substrates were annealed before bonding, as shown in Fig. 7c The optical micrographs of the micro-channel cross-sections are shown in Fig. 8 . A drafted angle on the outside edge of the channel can be observed in Fig. 8a . This drafted angle is essential for a minimum effect on ejection force during injection moulding process [9] . The poor bonding quality is evident when the substrates were not annealed before bonding. The micro-channel without annealing was clogged after solvent bonding was shown in Fig. 8b . The micro-channels in the substrates that have been annealed also feature less distortion of the micro-channels (see Fig.  8c ). The channel depth was reduced by 19.4 μm and 4.6 μm after solvent bonding without and with annealing, respectively. The UV-VIS spectra of the PMMA substrates before and after solvent bonding is shown in Fig. 9 . The solvent bonded annealed substrates shows no differences in the transmittance at the visible light range (390 -700 nm) as compared to the reference material. However, the transmittance was was generally 10% lower than the reference when non-annealead substrates were solvent bonded. . In the UV range, a peak in transmittance was observed at 268 nm due to the presence of the channels. The burst test results for the solvent bonded PMMA chips are summarised in Fig. 10 . The numbers in brackets on the x-axis represent chip flatness. Non-annealed PMMA substrates did not meet the application requirementof 5 bar internal back pressure. The pressure and duration of the annealing process improved the flatness, but did not affect the maximum internal back pressure, where a maximum of 8 bar was achieved. Fig. 10 . Burst test results of the solvent bonded PMMA microfluidic devices.
Conclusions
The bonding of PMMA substrates used for microfluidic devices was achieved by solvent bonding using isopropanol alcohol. The process was combined with a pre-processing step of pressure and thermal annealing of the PMMA substrates, and a post-processing step of solvent removal by subjecting the chip to a vacuum. The additional steps resulted in a final product that is optically transparent, has strong bonding strength and minimal distortion of the micro-channels. Future work will involve investigating methods for joining polycarbonate microfluidic devices using solvent bonding.
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